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A STUDY ON THE CALIBRATION AND ACCURACY OF THE  
ONE-STEP TDR METHOD 
 
Brian David Runkles 
 
ABSTRACT 
 
Traditional in-situ soil compaction monitoring methods are often limited in their 
application, thus quality control of compacted fills and roadway embankments remains a 
challenging problem.  As a result, new methods are being developed to more accurately 
measure in-situ compaction parameters.  Time domain reflectometry (TDR) is one such 
method.  Several advances have been made over the past few years to further the use of 
TDR technology in water content and density measurement of compacted fill.  The one-
step method relies on the measurement of the apparent dielectric constant in conjunction 
with the bulk electrical conductivity, and correlates them through two soil-specific 
constants, f and g.  The two measurements, together with other soil specific constants, are 
then used to back calculate the water content and density in a single step.  However, 
questions remain regarding the accuracy and bias of TDR measurements in relation to 
other “established” in-situ procedures such as the nuclear gage and speedy moisture.  
Results from an experimental program to obtain calibration constants for typical sands 
used in roadway construction are presented.  A number of side-by-side tests are 
performed to compare the measurements obtained using the TDR one-step method to 
those obtained form other methods.  Conducting such side-by-side tests is a critical step 
in the progress and eventual widespread usage of the one-step method.  In addition, all 
the results are compared against an independent measurement of the in-place density 
from a slurry-replacement method.  The objective of the independent measurement is to 
provide a baseline for accurate and unbiased evaluation of TDR and other technologies. 
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CHAPTER 1 – INTRODUCTION 
 
Background  
Quality control of compacted fills and roadway embankments remains a 
challenging problem.  Although the most accurate measurement method for water content 
remains the ASTM oven-drying procedure, the procedure requires 24 hours of oven-
drying before the results are available.  Nuclear density and moisture gages require 
special certification, due to the potential hazards associated with the use of a radioactive 
material.  As such, the University of South Florida has undertaken a research study over 
the past two years to evaluate the TDR method as an alternative for in-situ density and 
moisture measurement.  The study was part of a nationwide Beta Testing program 
initiated by the Indiana DOT and Purdue University.  As a result of these efforts, the 
method has been standardized in 2002 by ASTM under Designation D 6780. 
While the newly-introduced ASTM Standard Method calls for a two-step process 
that requires excavation and re-compaction of the field soil, a new one-step method was 
developed concurrently by Purdue University researchers and represents a breakthrough 
since no excavation is needed.  The procedure requires the calibration of two soils 
constants, f and g, to relate the dielectric constant to the bulk electrical conductivity of the 
soil.  The field process can be completed in less than 5 minutes, which provides a 
significant advantage over the existing procedure.  The two soil constants, f and g, are 
dependent on soil type, pore fluid conductivity, and water content.  To this end, only a 
limited number of calibrations have been undertaken as part of the current research 
project as it is beyond the scope of work.  Determining these new soil constants for 
typical highway construction soils in Florida is a crucial step in the progress and eventual 
widespread usage of the one-step method. 
 Another problem that is the current lack of any methods to evaluate the accuracy 
of the density measured using TDR and other quality control methods.  TDR 
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measurements cannot be evaluated against sand cone, nuclear gage, or speedy moisture 
since the accuracy of these methods remains, in itself, in question.  While oven dry 
measurements are broadly accepted as the “standard” for water content, no such method 
is available for in-place density.  In order to compare the methods to a baseline, it is 
necessary to accurately determine the moisture content and in-place density of the tested 
material.  Sand cone measurements are highly sensitive to densification of the standard 
sand.  Nuclear density gages that rely on back scatter to measure moisture content are 
representative of the water content within only the top few inches of soil.  The use of a 
reliable method for in-place density measurement is, therefore, a crucial step in 
evaluating the accuracy of the TDR method. 
 
Organization of Thesis 
 The basic concept of time domain reflectometry its evolution as well as its 
relevance to the geotechnical engineering field is presented in Chapter 2.  Also included 
in the chapter is a review of the theoretical concepts associated with the One-Step TDR 
Method.  Chapter 3 presents a discussion about the equipment and procedure used for the 
One-Step TDR Method.  Both the calibration and field testing procedure are cover in 
detail.  The calibration constants used in conjunction with the One-Step TDR Method is 
discussed and presented in Chapter 4.  The experimental results from a study to 
determine the typical range of TDR constants for Florida sands are included in the 
chapter.  Also presented are the results from a parametric study on calibration factors.  
Chapter 5 includes results obtained from a testing program carried out to evaluate the 
accuracy of the One-Step TDR Method.  Included within the chapter are comparative 
results with traditional geotechnical testing methods.  Chapter 6 discusses the results 
obtained from a series of tests that were carried out in an effort to establish a new, 
baseline method for determining in-situ dry density.  Detailed calibration and testing 
procedures are also outlined within the chapter.  The conclusions of this research and 
recommendations for further study in this area are presented in Chapter 7.   
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CHAPTER 2 – LTERATURE REVIEW 
 
Evolution of Time Domain Reflectometry  
Time Domain Reflectometry, or TDR, is an electromagnetic measurement 
technique that has been used for many years to determine the spatial location and nature 
of various objects.  It was developed in the 1930s by the power and telecommunication 
industries to locate breaks in coaxial cables (Lin et al., 2000).  TDR has been compared 
to wire radar and to this end, TDR devices are sometimes referred to as cable radar.  The 
TDR idea was further developed by Fellner-Feldegg (1969) where the technology was 
used for measuring permittivity of liquids.  Research conducted by Topp et al. (1980) 
represented a breakthrough for TDR by demonstrated a unique relationship between the 
apparent dielectric constant and the volumetric water content within the soil.  Other 
researchers studied the TDR application by developing a measurement system in which 
TDR signals are transmitted into a soil medium by the use of metallic rods.    Several 
projects were carried out to evaluate different TDR transmission line configurations 
(Ledieu et al., 1986; Topp et al., 1982; and Dasberg and Dalton, 1985).  Although results 
from these tests indicated a reliable relationship between the dielectric constant to water 
content, the need for a reliable and routine field technique was still evident.  Zeglin et al. 
(1989) studied several coaxial probe configurations and found that three and four wire 
configurations were superior to a two wire system.  Studies investigating cable length, 
quality and type of probe and cable dimensions were carried out by Heimovaara (1993) to 
determine their influence on the accuracy of TDR measurements.  Improvements in 
calibration were made by Dirksen and Dasberg (1993), which accounted for certain 
differences in mineralogy.   Dasberg and Dalton (1985) expanded on the use of TDR by 
introducing the bulk electrical conductivity as a means of measuring soil salinity and soil 
pore-fluid conductivity.  These pioneering efforts in TDR technology discussed above 
proved to be very promising for use in geotechnical applications. 
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Basic Principles of Time Domain Reflectometry 
The TDR works on the same principle as radar in that a short electromagnetic 
wave is emitted and then its reflection measured.  Another way to think about this is to 
imagine a coaxial cable where the far end is cut, broken, or crimped.  When an 
electromagnetic energy pulse is transmitted down the cable, the voltage at the starting 
point jumps up to a given value instantly and the pulse begins propagating down the 
cable towards the damaged section.  When the pulse reaches the defective location an 
opposing pulse reflects back from the defect towards the initial starting point.  This 
opposing pulse is created by a change in cable geometry and/or the medium between the 
outer and inner conductors of the coaxial line.  Once the opposing reflection returns to the 
staring point the voltage abruptly changes, signaling that there is a break at the end of the 
cable.  The TDR measures the time it takes for the signal to travel down the cable and 
reflect back.  This travel time depends on the dielectric properties of the insulating 
material between the center wire and the shield in the coaxial cable.  Once the time is 
known it is converted to distance and displayed in the form of a wave.  The same concept 
is used for geotechnical application in that the TDR signal is transmitted down a coaxial 
cable.  The only difference being that the objective is not to find a break in the line as 
described earlier but to extract soil properties.  This is accomplished by treating the soil 
as the insulating material in a coaxial configuration with a central probe and three 
peripheral probes acting as the central rod and shield respectively (Figure 2-1).   
 
Development of the ASTM TDR Measurement System 
As was mentioned previously the use of TDR technology was fueled by the 
discovery of a universal calibration equation relating soil volumetric water content to a 
soil apparent dielectric constant (Topp et al. 1980).  Since all of the earlier uses of TDR 
technology were directed at obtaining soil volumetric water content the calibration 
equation better served the fields of agricultural science and water resources.  In an effort 
to extend TDR technology for use in geotechnical applications Siddiqui and Drnevich 
(1995) refined the Topp’s  Equation such that gravimetric water content is utilized along 
with soil dry density.  This new approach led to the development of procedures using 
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TDR for geotechnical compaction control (Yu and Drnevich  2004).  The procedures 
developed by Drnevich et al. (2000) called for a two-step field test in which one test is 
taken with a probe consisting of four coaxial configured spikes driven into the soil and a 
second test conducted in a compaction mold.  Researches were carried out to evaluate the 
method’s accuracy and indicated promising results for geotechnical applications (Lin, 
2000; Siddiqui et al., 2000; Drnevich et al., 2002; Sallam et al., 2004).  As a result the 
method was accepted in the form of ASTM standard D 6780 in 2002.   
 
 
The two-step method discussed above was found to be limited in that it only made 
use of the soil apparent dielectric constant, not to mention that the method was also 
destructive and time consuming.  In an effort to streamline the two-step method, Yu and 
Drnevich (2004) proposed the use of a bulk electrical conductivity measurement to 
improve the accuracy of the two-step method as well as to eliminate the need to perform 
a second test in a compaction mold.  This improved method is referred to as the One-Step 
TDR Method.  
 
Figure 2-1.  Purdue TDR Measurement System. Source: Yu and Drnevich (2004). 
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Basic Principle of the One-Step TDR Method 
 The One-Step TDR Method (Yu and Drnevich, 2004) makes use of both the 
apparent dielectric constant and the bulk electrical conductivity to estimate two important 
compaction parameters, soil water content and dry density.  The method itself relies on 
the six soil specific calibration factors that are determined from TDR tests on the same 
soil through laboratory compaction tests.  An adjusted electrical conductivity is obtained 
for estimating the water content and dry density in the field through an empirical 
relationship between the apparent dielectric constant and the bulk electrical conductivity.   
 
Determining the Apparent Dielectric Constant, Ka 
 As mention previously, TDR testing systems were originally developed to find 
discontinuities in transmission lines by sending an electromagnetic wave through the 
cable.  The velocity, v at which the wave travels down the cable is given by: 
 
aK
cv =   (2-1) 
 
Where c is the velocity of an electromagnetic wave in free space (2.998×108 m/s).  
The travel time, t, is related to the propagation velocity and the cable length, L, by the 
following: 
 
v
Lt 2=   (2-2) 
 
Combining Eqn. (2-1) and Eqn. (2-2) and solving for the apparent dielectric 
constant, Ka, the following expression is obtained: 
 
2
2
⎟⎠
⎞⎜⎝
⎛=
L
ctKa  (2-3) 
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The term 
2
ct  has units of length and is defined as a scaled horizontal distance 
between the two reflection points (Figure 2-2) (Baker and Allmaras, 1990).  Thus Eqn. 
(2-3) can be reduced to a simplified form as: 
 
2
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
p
a
a L
LK  (2-4) 
 
 Where La is the apparent length and Lp is the length of the soil probe (Yu and 
Drnevich, 2004).  Topp et al. (1980) and other early researchers determined travel times 
in TDR probes by fitting tangent lines to wave form features by hand, either reading 
directly off the instrument screen or working with photographs of the screen.  Since then, 
automatic wave form acquisition systems have been created that allow the collection of 
thousands of wave forms (Baker and Allmaras, 1990; Heimovaara and Bouten, 1990; 
Herklerath et al., 1991), thus necessitating the creation of computer programs for 
automatic interpretation of the wave form to find travel times.  Researchers at Purdue 
University employed an algorithm developed by Drnevich and Yu (2001).   
 
 
 
Figure 2-2.  Typical TDR Wave Reflection.  Source: Drnevich et al. (2003). 
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Determining the Bulk Electric Conductivity, ECb 
The electrical conductivity is another import quantity that can be obtained from 
TDR waveforms.  Electrical conductivity is a measure of a material's ability to conduct 
an electric current.  Basically, electrical conductivity is the reciprocal of the electrical 
resistance.  As the TDR wave propagates through the soil probes the signal is attenuated 
in proportion to the electrical conductivity along the travel path.  Based on dissipation 
analysis Dalton et al. (1984) proposed the simultaneous measurement of the apparent 
dielectric constant and bulk electrical conductivity.  Yu and Drnevich (2004) further 
developed the idea and proposed the following expression: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= 11
f
s
b V
V
C
EC  (2-5) 
 
 Where Vs is the source voltage and equal to twice the step voltage, Vf is the long 
term voltage level (Figure 2-3), and C is a constant related to the probe configuration 
given by: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
i
o
sp
d
d
RL
C
ln
2π
 (2-6) 
 
 Where Lp is the length of the probe, Rs is the internal resistance of the pulse 
generator, do and di are the outer and inner conductor diameters, respectively (Giese and 
Tiemann, 1975).   
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Calibration Relationship for Soil Apparent Dielectric Constant 
Topp et al. (1980) showed that for soils with a wide range of mineral content, a 
single equation was applicable.  Their equation is now widely used for calibration and is 
referred to as Topp’s equation.   
 
222436 103.51092.2105.5103.4 −−−− −+−= xKxKxKx aaaθ  (2-7) 
 
Where the volumetric water content, θ, is defined as: 
 
solids
water
V
V=θ  (2-8) 
  
Topp’s equation has been studied by numerous authors on several soils and is 
currently the most widely used calibration equation for TDR applications.  Several other 
researchers (Ledieu et al., 1986; Alharthi and Lange, 1987) assumed a linear relationship 
Figure 2-3.  Electrical Conductivity Wave Analysis.  Yu and Drnevich (2004). 
Scaled Distance (m) 
R
el
at
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e 
V
ol
ta
ge
 (V
) 
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between the square root of the apparent dielectric constant and the volumetric water 
content, θ: 
 
   aKb a +=θ  (2-9)  
 
Where “a” and “b” are calibration constants: “a” = 1.545 and “b” = 8.787 in 
Ledieu et al. (1986); “a” =1.59 and “b” = 7.83 in Alharthi and Lange (1987).  Malicki et 
al. (1996) developed a calibration equation which incorporated the effects of density 
given by: 
 
b
bbaK
ρ
ρρθ
18.117.7
159.0618.0819.0 250
+
+−−=  (2-10) 
 
Where ρb is measured in units of grams/cm3.  Yu and Drnevich (2004) argued that 
these calibration equations are difficult to apply for geotechnical applications.  As a 
result, Siddiqui and Drnevich (1995) developed the following expression: 
 
bwaK
d
w
a +=ρ
ρ  (2-11) 
 
Where “a” and “b” are soil specific calibration constants, ρd is the dry density of 
the soil, ρw is the density of water, and w is the gravimetric water content.  An in-depth 
discussion of this equation and its constants are addressed in Chapter 4. 
 
Calibration Relationship for Bulk Soil Electrical Conductivity 
In an effort to relate the bulk soil electrical conductivity to soil physical properties 
Rhoades et al. (1976) proposed the following equation which relates the bulk electrical 
conductivity, ECb, to pore fluid conductivity, ECw. 
 
swb ECECTEC += θ  (2-12) 
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Where ECs is the soil surface conductance and T is a geometric factor given by: 
 
'' abT += θ  (2-13) 
  
Where a' and b' are soil specific constants and θ is the volumetric water content.  
The bulk electrical conductivity of soil can then be expressed as a second order 
polynomial of volumetric water content by: 
 
swwb ECECbECaEC ++= θθ '' 2  (2-14)  
 
Again, Yu and Drnevich (2004) argue that the equation is inadequate for 
geotechnical engineering applications.  As a result, they proposed a relationship very 
similar to the Siddiqui and Drnevich equation for apparent dielectric constant and 
gravimetric water content (Yu and Drnevich, 2004).  The expression can be given as 
follows: 
 
dwcEC
d
w
b +=ρ
ρ   (2-15) 
 
Where “c” and “d” are soil specific calibration constants, ρd is the dry density of 
the soil, ρw is the density of water, and w is the gravimetric water content.  Further 
discussion on this equation will be addressed in Chapter 4. 
 
Dielectric Constant - Bulk Electrical Conductivity Relationship 
For all practical purposes the apparent dielectric constant and bulk electrical 
conductivity are viewed as independent measurements obtained from the TDR waveform.  
However, Malicki et al. (1994) and Hilhorst (2000) found that a good linear relationship 
existed between the apparent dielectric constant and bulk soil electrical conductivity.  Yu 
and Drnevich (2004) also suggest that the apparent dielectric constant (Ka) and bulk 
electrical conductivity (ECb) are related since Eqns. (2-11) and (2-15) are both are 
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functions of water content and dry density of the soil.  Thus, they proposed a third and 
final calibration equation given by: 
 
ab KgfEC +=  (2-16) 
 
Where “f” and “g” are soil specific calibration constants.  The significance of 
Eqn. (2-16) as well as the calibration of “f” and “g” is covered in detail in Chapter 4. 
 
Data Reduction Process to Obtain Water Content and Dry Density 
After the TDR calibration constants are determined for a particular soil the dry 
density and the water content can be computed in the field by simultaneously  solving 
Eqns. (2-11) and (2-15).  The dielectric constant, Ka, and the bulk electrical conductivity, 
ECb, are measured and the following equations can be used to determine field dry density 
and water content: 
 
cbad
ECbKd ba
d −
−=ρ  (2-17) 
 
 
ab
ba
KdECb
ECaKc
w −
−=  (2-18) 
                                           
However, due to the dominance of pore fluid conductivity on Eqn. (2-15), 
satisfactory results are typically not obtained (Yu and Drnevich, 2004).  Many factors can 
contribute to this inaccuracy, including random errors in dielectric constant and electrical 
conductivity measurements. The primary source of error is due to differences in pore 
fluid conductivity between calibration samples and field and as a result, accurate 
measurements are not obtained.   
In an effort to compensate for the measurement inaccuracies Yu and Drnevich 
(2004) proposed an adjustment procedure depicted graphically in Figure 2-4.  Their 
 13
approach was to “adjust” the field situation so that the laboratory calibrations can be 
applied to it.  The reasoning behind this methodology was base on the impracticality of 
determining calibration values of “c” and “d” for every conductivity likely to be 
encountered in the field.   
The water content and dry density of the field sample can then be calculated using 
Eqns. (2-17) and (2-18) with the adjusted values of Ka, adj and ECb, adj. 
 
fieldaadja KK ,, =  (2-19) 
 
( )2, fieldab KgfEC +=  (2-20) 
 
Figure 2-4.  Adjusting the Field Sample to the Laboratory Calibration.  
Source: Yu and Drnevich (2004). 
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CHAPTER 3 – TDR EQUIPMENT AND PROCEDURE 
 
Introduction 
The factors which influence the wave transmission were studied by Siddiqui and 
Drnevich (1995) and as a result, transmission line components were designed and built.  
The TDR components were designed to be robust, easy to use, and provide superior wave 
transmission for field measurement of the soil apparent dielectric constant and bulk 
electrical conductivity 
 
TDR Measurement System 
The system configuration of the basic TDR measurement device is shown in 
Figure 3-1.  The soil probe measurement system is basically made up of three essential 
components: (1) coaxial cable, (2) coaxial head, and (3) either a coaxial cylinder (used 
for calibration purposes) or multiple rod probe (used for field measurement). 
 
 
The coaxial cable consists of a center conducting wire surrounded by a cylinder 
casing, which acts as the outer conductor (Lin et al., 2000).  Figure 3-2 shows the main 
components of the coaxial head (CH).  The CH serves as a transition between the actual 
Figure 3-1. TDR System Configuration.  Source: Lin et al. (2000). 
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coaxial cable and coaxial cylinder (CC) or multiple rod probe (MRP).  The coaxial head 
(CH) has one center stud and three perimeter studs.  The center stud and two of the 
perimeter studs have fixed lengths of 21mm.   The third perimeter stud is spring loaded to 
ensure full contact with the four field probes or the ring and center probe in mold. 
 
 
The coaxial cylinder (CC) transmission line consists generally of a CC mold, a 
CC ring, and a central rod.  The CC mold is basically a modified compaction mold with 
an inner diameter of 101.6 mm and a height of 232.87 mm.  The CC ring rest on top of 
the mold and is held in place by an offset grove.  The ring serves as an extension collar 
during the compaction stage and as a part of the coaxial cylinder (CC) during the 
measurement stage.  The central rod is made of stainless steel and has a length of 234 mm 
and a diameter of 8 mm.  A plastic centering jig is used to guide the central rod during the 
driving stage.  Figure 3-3 shows the coaxial cylinder configuration.  
The multiple rod probe (MRP) consists of one central rod and three perimeter 
rods (9.5 mm diameter and a length of 236 mm), which are driven into the soil.  The 
proper rod configuration is achieved by using a temporary detachable template.  The 
template ensures that the coaxial head pins line-up perfectly with each of the multiple rod 
Figure 3-2. Configuration of Coaxial Head.  Source: TDR  Manual 
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probes.   After the spikes have been driven, the template is removed and the coaxial head 
(CH) is placed on top of the spikes (Figure 3-4). This forms a coaxial line in the soil 
(Drnevich et al., 2001).   
 
                         
 
 
               
Figure 3-4. The Multiple Rod Probe (MRP). 
Source: Siddiqui and Drnevich (1995).
Figure 3-3. The Coaxial Cylinder (CC) Transmission Line. 
Source: Siddiqui and Drnevich (1995). 
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Tool Case, Electronics Case, Wiring of the TDR System  
TDR tool cases are designed to make the system more compact and easy to handle 
in the field.  Several generations of tool cases have been updated by now.  Each 
generation was significantly improved over previous ones.  These improvements have 
significantly increased efficiency in the field.  Purdue University provided the University 
of South Florida with two cases.  One case contains the TDR Probes, molds, digital scale, 
and tools.  The other case contains mostly electronic components.  The apparatus stored 
in each of the cases are summarized below. 
 
Case 1 – TDR Tool Case 
 The TDR tool case is a rugged field case that is equipped with two wheels and an 
extension handle for ease of transport.  The case itself houses all the basic TDR 
equipment, accessories and tools for performing the test (Figure 3-5).   
 
 
Case 2 – TDR100 Sample, Battery, Charger, and Laptop 
 The second case (Figure 3-6 and 3-6) is basically an oversized briefcase that 
houses the electronics for performing the TDR measurements, making the calculations, 
and storing the data.  A laptop computer is connected to SP232 serial communication 
module to retrieve data obtained from the Campbell Scientific TDR100 Time Domain 
Figure 3-5.  TDR Tool Case.  Source: Drnevich et al. (2003). 
 18
Reflectometer.  The TDR100 Time-Domain Reflectometer is the core of the Campbell 
Scientific Time Domain Reflectometry system.  It generates a very short rise time 
electro-magnetic pulse that is applied to a coaxial system which includes a TDR probe for 
soil water and density measurements and samples and digitizes the resulting reflection 
waveform for analysis or storage.  
 
 
 
Figure 3-7.  Layout of the TDR Electronics Case.  Source: TDR Manual. 
Figure 3-6.  TDR Electronics Case. 
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TDR Software (PMTDR-SM) 
The Purdue Method TDR Simplified Method (PMTDR-SM) is the software used 
for automation of soil water content and dry density using the One-Step TDR Method.  
PMTDR-SM Version 1.2.2 was the most current version available at the time this 
research was conducted.  The software is continuously being updated to provide a more 
user friendly interface.   
 
The TDR software performs the following functions: 
1) Operates the TDR100 to obtain an appropriate waveform. 
2) Display the TDR wave graphical on the computer screen. 
3) Analysis the wave form to obtain the apparent dielectric constant and the bulk 
electrical conductivity of the soil.  
4) Computes the soil water content and dry density. 
5) Logs information related to the test and saves the results. 
6) Provides a module to facilitate the calibration process. 
 
The software consists of two input screens.  The first screen is the In-Situ MRP Test 
which prompts the user to input project name, contract No., operator, test location, test 
number, temperature, and type of soil (cohesive or cohesionless) (Figure 3-8).  Other 
input parameters include the MRP probe configuration measurements and the soil 
specific constants for the soil being tested.   
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The second screen is used for the CC Mold Test in which the user is prompted to 
input the same parameters mentioned for the In-situ MRP test as well as the mass of 
empty mold, mass of mold, wet soil and the volume of mold and the mold probe 
dimensions (Figure 3-9).   
 
Figure 3-8.  In-situ MRP Input Screen.  Source: PMTDR-SM. 
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Testing Procedure 
The One-Step TDR Method for soil water content and dry density determination 
requires both laboratory calibration and field testing procedures.  Before either of two 
testing procedure can be performed, the apparatus itself must be calibrated.  The next few 
sections outline the required steps for performing a complete TDR test.   
Apparatus Calibration 
Before the lab and in-situ test can be conducted a calibration of the test equipment 
must be completed.  This involves determining the following four items: 
Figure 3-9.  CC Mold Test Input Screen.  Source: PMTDR-SM. 
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1) Determine the average length of the spikes for the in-place test.  This is done by 
inserting each spike into the MRP guide template and measuring the length that 
each spike protrudes from the template when fully inserted.  All measured lengths 
should be equal to the average length within 0.5 mm.  A typical field probe length 
should be approximately 0.2 m. 
2) Determine the volume of the cylindrical mold (CC).  The mold provided with the 
equipment here at the University of South Florida is twice the height of a standard 
compaction mold and has a volume of 1888 cm3.   
3) Determine the mass of the empty cylindrical mold (CC) including the plastic 
base-plate, but without the ring collar.  A typical value for the mass of the clean 
and empty cylindrical mold is approximately 4,380 g.   
4) Determine the length of the central rod for insertion into the compaction mold.  A 
typical value for the mold probe length is approximately 0.25 m. 
 
Laboratory Test 
The purpose of the laboratory test is to obtain soil-specific parameters (a, b, c, d, 
f, and g).  The determination requires that 5 test at different water contents be performed 
using the cylindrical mold probe.  Calibration can be conducted in conjunction with a set 
of standard compaction test (ASTM D698 and ASTM D1557) provided that a non-
conductive base is used with the standard four inch stainless steel compaction mold.  In 
order to properly calibrate the soil the ambient temperature and the temperature of the 
soil should be within 15 to 25 degrees Celsius.   
 
The Procedure for determining soil specific constants is outlined as follows: 
1) Obtain a representative soil sample from the borrow pit or from the testing site.  
The sample should be large enough for at least five compacted samples. 
2) Air-dry the soil sample and pass the material through a No. 4 (4.75 mm) sieve. 
3) Prepare five samples that have varying water contents within the range of that 
expected in the field.  Typical field moistures range between 10-15%.  For best 
results vary the water content between each sample by 2-3%. 
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4) Assemble and secure the cylindrical mold ring collar and base plate 
5) Place the soil into the cylindrical mold and compact in six uniform lifts applying 
10 blows per lift using the aluminum tamping rod (Figure 3-10).   
 
 
6) Remove the ring collar and strike the surface level with a straight edge.  Remove 
any soil that may be resting on the base plate with a brush. 
7) Weigh and record the mass of the mold and the wet soil to the nearest gram. 
8) Place the guide template for the center rod on the mold.  Drive the central rod 
through the guide hole and into the soil until the top of the rod is flush with the 
surface of the template (Figure 3-11). 
 
 
Figure 3-11. Central Spike Driven Through the Guide and into the Sample. 
Figure 3-10.  Compacting the Cylindrical Mold. 
 24
9) Carefully remove the guide template from the cylindrical mold ensuring that the 
central rod remains in place and undisturbed.   
10) Place the ring collar back onto the cylindrical mold and ensure that the electrical 
contact surfaces are clean.   
11) Set the coaxial head (CH) on the ring collar such that the central stud is in-line 
with the central rod and the three outer studs are contacting the ring collar.  
Rotating and/or sliding the CH to facilitate good contact is advisable. 
12) Make a TDR reading using the TDR measurement system and software to obtain 
the apparent dielectric constant (Ka) and the bulk electrical conductivity (ECb) 
(Figure 3-12).   
 
 
13) Remove the soil form the mold.  Secure a portion of the sample (ideally from the 
center of the sample) for water content determination.  Obtain the water content 
per ASTM D2216. 
14) Repeat steps 5 through 13 for each of the remaining soil specimens.   
Figure 3-12.  Taking the TDR Measurement. 
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The above procedure will provide four quantitative entities for each successive 
iteration:  (1) water content, (2) dry density by knowing the volume and weight of the 
mold, (3) apparent dielectric constant, and (4) bulk electrical conductivity.  Knowing 
these four entities enables the user to calibrate the soil through a series of linear 
regression plots. 
Soil constants “a” and “b” are found by plotting the square root of the apparent 
dielectric constant multiplied by the ratio of the density of water to the dry density of the 
soil versus the oven dry water content.  A best fit linear regression line is then fitted to 
the data where “a” is the y-intercept and “b” is the slope of the line.  Figure 3-13 shows 
an example calculation of “a” and “b”. 
 
 
 
Soil constants “c” and “d” are found by plotting the square root of the bulk 
electrical conductivity multiplied by the ratio of the density of water to the dry density of 
the soil versus the oven dry water content.  A best fit linear regression line is then fitted 
to the data where “c” is the y-intercept and “d” is the slope of the line.  Figure 3-14 shows 
an example calculation of “c” and “d”. 
 
Figure 3-13.  Example Calibration for “a” and “b”. 
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Soil constants “f” and “g” are found by plotting the square root of the bulk 
electrical conductivity versus the square root of the apparent dielectric constant.  A best 
fit linear regression line is then fitted to the data where “f” is the y-intercept and “g” is the 
slope of the line.  Figure 3-15 shows an example calculation of “f” and “g”. 
 
 
In-situ Test 
The field testing procedure and test apparatus for the One-Step Method are similar 
to those specified by ASTM D6780 for the Two-Step Method.  The only difference being 
the omission of the steps for removing the soil, compacting the soil in the mold, and 
Figure 3-15.  Example Calibration for “f” and “g”. 
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Figure 3-14.  Example Calibration for “c” and “d”. 
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running a second TDR test on the soil in the mold.  Eliminating these steps results in a 
significant reduction in the time required to perform the field test.   
 
The procedure for conducting the field test is summarized as follows: 
1) Prepare the soil surface by leveling the area (typically 300 mm by 300 mm) to be 
tested.  Removal of the top inch of soil is recommended provided that the soil 
surface is wet form a recent rain or is dried out from extreme exposure.  The 
leveled surface should be free of voids.  If voids exist, they should be filled and 
smoothed accordingly.   
2) Place the spike driving template such that it is centered on the prepared soil 
surface.  The template should be in the closed position with the retaining pin fully 
seated.  Check to ensure that the template is in full contact with soil surface.  If 
any gaps are present between the template and the soil, remove the template and 
further smooth the surface.   
3) Use the brass hammer to drive the three outer spikes through the holes in the 
template and into the soil (Figure 3-16).  Once the outer three spikes are driven, 
drive the fourth and final central spike.  Check to ensure that all of the spike heads 
are fully seat and touching the template surface.  If large particles within the soil 
matrix cause the spike to deviate from the vertical position, remove all the spikes 
and select a new test location. 
 
 
Figure 3-16.  Driving Spikes through Template into Soil.   
Source: TDR Manual. 
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4) Remove the retaining pin from the driving template.  Pry the template open to 
expose all four TDR spike heads (Figure 3-17).  Opening the template must be 
done carefully to ensure that the spikes are not disturbed.  This step is crucial 
because air gaps between the field probes and the surrounding soil affect the TDR 
signal. 
5) Place the coaxial head on top of the spikes such that each stud is centered on its 
respective field probe (Figure 3-18).  Slide and/or rotate the coaxial head to 
facilitate good contact with the probes.    
 
 
 
Figure 3-18.  Placement of Coaxial Head (CH) on Spikes.  
Source: TDR Manual.
Figure 3-17. Removal of the Template.  
Source: TDR Manual.
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6) Connect the CS TDR100 to the coaxial head using the coaxial cable provided 
with the equipment.  Ensure all cable connector are clean and free of dust. 
7) Take a TDR reading using the TDR measurement system and software to obtain 
water content and dry density. 
 
The field testing procedure outlined above can be completed in 3-5 minutes by an 
experienced technician.  It should noted that the water content and dry density obtained in 
step seven are not valid until the laboratory test data and soil specific constants are 
determined and entered into the appropriate TDR program fields.    
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CHAPTER 4 – EVALUATION OF TDR CONSTANTS 
 
Introduction 
In order to determine water content and dry density of compacted fills using the 
One-Step TDR Method, a series of soil specific calibration constants must be obtained 
prior to field testing.   There are a total of six soil specific constant (a, b, c, d, f, and g) 
that need to be found.  Soil constants “a” and “b” are parameters that relate the 
gravimetric moisture content to the soil dielectric constant.  Constants “c” and “d” relate 
the gravimetric moisture content to the bulk electrical conductivity of the soil.  Finally, 
constants “f” and “g” relate the dielectric constant to the bulk electrical conductivity.   
These soil constants may vary widely depending on soil composition and site specific 
conditions. This chapter presents experimental results from a study to determine the 
typical range of TDR constants for Florida sands by performing a series of TDR tests in 
the calibration mold for several soils obtained at local construction projects between 
Tampa and Orlando.  Also presented are the results from a parametric study on the 
calibration constants. 
 
Calibration Constants “a” and “b” 
A study by Siddiqui and Drnevich (1995) and Siddiqui et al (2000) utilized a 
relationship (Eqn. 4-1) between gravimetric water content and soil dry densities to 
determine soil constants “a” and “b.”   
 
bwaK
d
w
a +=ρ
ρ  (4-1) 
 
Where Ka is the apparent dielectric constant, ρw is the density of water, ρd is the 
dry density of the soil, and w is the gravimetric water content. 
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The process for obtaining the TDR calibration constants “a” and “b” was 
discussed in detail in Chapter 3.  By substituting the volumetric water content, θ, (Eqn. 4-
2) into Equation (4-1), the calibration equation can be converted into one for volumetric 
water content as given in Equation (4-3). 
 
w
dw ρ
ρθ =  (4-2)  
 
θρ
ρ baK
w
d
a +=  (4-3) 
 
When the volumetric water content (θ) is zero Eqn. (4-3) reduces to: 
 
d
w
saKa ρ
ρ
,=  (4-4) 
 
Where Ka,s is the apparent dielectric constant of the dry soil.  Soil constant “a” is 
thus termed the refraction index of the soil solids that is normalized by the soil dry 
density.  Typical values of “a” range from 0.7 to 1.85 (Yu and Drnevich, 2004).   
 
When the volumetric water content (θ) is 100 percent Eqn. (4-3) reduces to: 
 
 waKb ,=  (4-5) 
                                                     
Soil constant “b” is defined as the refraction index of the pore fluid. Typical 
values of Ka,w measured by TDR are close to 81 at 20°C.  This yields a “b” value of about 
9 (Yu and Drnevich, 2004). 
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Calibration Constants “c” and “d” 
Yu and Drnevich (2004) argue that the electrical conductivity from the pore fluid 
is typically the dominating factor in the determination of the bulk electrical conductivity 
of soil.  As a result, the amount of pore fluid present in the soil generally dominates the 
bulk electrical conductivity of the soil.  This phenomenon is also noted in the 
measurement of the apparent dielectric constant (Sihovola, 1999).  Using this analogy, 
Yu and Drnevich (2004) proposed a calibration relationship for bulk electrical 
conductivity similar to the Siddiqui and Drnevich (1995) relationship for soil apparent 
dielectric constant.  The proposed calibration relationship can be expressed as: 
 
dwcEC
d
w
b +=ρ
ρ  (4-6) 
 
where ECb is the bulk electrical conductivity.  Equation (4-6) is used in conjunction with 
the procedure outlined in Chapter 3 to determine constants “c” and “d.”  If Equation (4-6) 
is expressed in terms of volumetric water content the following expression is obtained: 
   
θρ
ρ dcEC
w
d
b +=  (4-7) 
 
When the volumetric water content is zero: 
 
s
d
w ECc ρ
ρ=  (4-8) 
 
The calibration constant “c” is related to surface conductance of the soil particles 
normalized by dry density (Yu and Drnevich, 2004). 
 
When the volumetric water content is 100 percent: 
 
bECd =                                                       (4-9) 
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The calibration constant “d” accounts for the effect of soil type and pore fluid 
properties (Yu and Drnevich, 2004).   
 
Calibration Constants “f” and “g” 
The apparent dielectric constant and bulk electrical conductivity are typically 
viewed as independent measurements obtained from the TDR waveform; however 
several studies (Malicki et al., 1994, Hilhorst, 2000, White et al., 1994) have shown that 
good linear relationships exist between the apparent dielectric constant and bulk soil 
electrical conductivity.  Yu and Drnevich (2004) point out that the two independent 
equations (4-1) and (4-6) are both functions of water content and dry density of the soil.  
As a result, Yu and Drnevich (2004) suggest that the apparent dielectric constant (Ka) and 
bulk electrical conductivity (ECb) must be related to one another.  By combining 
Equations (4-1) and (4-6) the following expression can be obtained: 
 
a
w
d
b Kb
d
b
dacbEC +⋅−⋅= ρ
ρ  (4-10) 
 
The soil calibration factor “g” is related only to the slopes of the calibration 
curves for apparent dielectric constant and for electrical conductivity and is given by:  
 
b
dg =  (4-11) 
 
The soil calibration factor “f” is related to all four calibration constants as well as 
the soil dry density and is given by: 
 
w
d
b
adbcf ρ
ρ−=  (4-12) 
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If Equation (4-10) is expressed in terms of Equation (4-11) and (4-12) the 
following expression is obtained: 
 
ab KgfEC +=  (4-13) 
 
Calibration Testing Program 
 In an effort to determine the typical range of TDR soil constants for Florida sands 
an experimental program was employed where a series of TDR tests were run in the 
calibration mold.  Basically soils were collect from several locations within the state and 
brought back to the university soils lab.  Once the soils were secured in the lab they were 
dried and classified in accordance with ASTM 422 and ASTM D2487.  After classifying 
the soil, TDR calibration procedures were performed in accordance with ASTM D6780.  
The ultimate goal of this testing program was to find standard calibration constant based 
on soil type, project location, or possible the combination of both. 
 
Calibration Test Results 
In total, some 40 soils were classified and calibrated.  This yielded nearly 250 
individual calibration points.  Table 4-1 provides a summary of the result obtained form 
the testing program. Figure 4-1, 4-2, and 4-3 depict the result graphically. 
 
Results and Discussion for “a” and “b” 
 The Siddiqui and Drnevich (1995) relationship was used to determine the soil 
constants “a” and “b”.  The process relied on performing the TDR method on a particular 
soil in the mold at different moisture contents.  In this case the soil dielectric constant in 
the mold Ka is measured as an output from the TDR software. The wet density is readily 
measured since the mold’s volume and weight are both known quantities.  The moisture 
content can be determined by the oven-dry method, ASTM D2216.  The two unknowns 
in this equation (Eqn. 4-1) are, therefore, the constants “a” and “b”.  If the left hand side 
of the equation is plotted against the moisture content, the results could be regressed to a 
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straight line with a slope equal to the constant “b” and an intercept equal to the constant 
“a”.  The results of all tests are plotted on a single graph (Figure 4-1).  Values of 0.98 and 
8.55 were determined for constants “a” and “b” respectively.  The correlation factor, or 
R-value, for the trend line used for all the data was 0.973, indicative of a strong 
correlation. 
 
Table 4-1.  TDR Soil Constants for Florida Sands. 
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Sallam et al. (2004) determined the calibration parameters “a” and “b” 
encountered in common soils in the state of Florida.  A final recommendation of “a” = 1 
and “b” = 8.5 was made.  Soils tested in the study echo their results. 
 
Results and Discussion for “c” and “d” 
The Yu and Drnevich (2004) relationship was used to determine the soil constants 
“c” and “d”.  Again, the process relied on performing the TDR method on a particular 
soil in the mold at different moisture contents.  In this case the bulk electrical 
conductivity in the mold ECb is measured as an output from the TDR software.  Just as 
before, by knowing the volume and weight of the mold in conjunction with the moisture 
content the dry density was determined.  The two unknowns in this equation (Eqn. 4-6) 
are, therefore, the constants “c” and “d”.  If the left hand side of the equation is plotted 
against the moisture content, the results could be regressed to a straight line with a slope 
equal to the constant “d” and an intercept equal to the constant “c”.  The results of all 
tests are plotted on a single graph (Figure 4-2).  The results show a definite distinction 
Figure 4-1.  Individual Calibration Points for Obtaining “a” and “b”. 
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between the soil types A-1-b and A-2-4.  The delineation between the two soil types is 
represented by the solid black line.  The slopes or “d” values of the A-1-b soils are all 
below the delineation line.  The slopes for the A-2-4 soils are all above the delineation 
line.  This is predominantly due to the dependence of “d” on the pore fluid conductivity 
of the soil being tested.  Finer grained sands (A-2-4) are more conductive than coarser 
sands (A-1-b).  The more conductive the soil, the higher the measured value of the bulk 
electrical conductivity, thus the higher the value of the soil constant “d” and vise versa.  
Values for “d” obtained from this study ranged from 0.146 to 0.632 for A-1-b soils, from 
0.235 to 0.801 for A-3 soils, and from 0.269 to 0.466 for A-2-4 soils.   
 
 
The result from this study also showed that the values of “c” ranged between 
0.0036 and 0.0593 for Florida sands.  However it appears that calibration constant “c” 
may have a unique value at zero water content.  In an effort to study this observation 
several soils were dried and test at zero water content.   Table 4-2 summarizes the 
findings.    
 
Figure 4-2.  Individual Calibration Points for Obtaining “c” and “d”. 
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The results presented in Table 4-2 show that the variation in soil constant “c” is 
quite small with a standard deviation of 0.002.  The average value of 0.01 is 
recommended in the absences of a soil specific constant for “c”. 
 
Results and Discussion for “f” and “g” 
The values for both “f” and “g” are dependent on the values of “a”, “b”, “c”, and 
“d” (see Eqns 4-11 and 4-12).  Soil constant “g” varies systematically with pore fluid 
conductivity as does constant “d”.  This was expected as “g” is a function of “d” and “b”.  
Since “b” is largely unaffected by pore fluid conductivity, the variation of “g” is 
attributed to changes in “d.” As was the case for “d” there appears to be a demarcation 
between the finer sands and the coarser sands.  For Florida sands, values of “f” range 
from -0.0923 to 0.0285, and values of “g” ranged from 0.021 to 0.0836.   
  
Table 4-2.  Calibration of TDR Soil Constant “c”. 
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Parametric Study on Soil Calibration Constants 
The overall objective of this calibration study was to provide guidance for proper 
selection of TDR soil calibration constants.  One aspect of this effort was to perform a 
parametric study of the calibration factors using the TDR software. The testing program 
discussed above showed that Florida sands have a typical range of values for each of the 
six constants respectively.  In this parametric study, only a single dimension was varied 
while maintaining the remaining parameters at constant values.  Due to the fact that “a” 
and “c” are fairly well defined for Florida sands, this effort was limited in scope to soil 
parameter “b” and “d”.   Plots showing the influence of parameters on water content and 
dry density are presented in Figures 4-4 and 4-5. 
 
Effects of “b” on Water Content and Dry Density 
 The values of “b” were varied such that they were in the range of typical values 
found in the previous study discussed above.   It can be seen from Figure 4-4 that both 
Figure 4-3.  Individual Calibration Points for Obtaining “f” and “g”. 
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the water content and the dry density can vary as much as five percent when the 
calibration constant “b” is varied by a factor of 0.3.  A study done by Sallam et al. (2004) 
reported similar results. 
 
 
 
Effects of “d”on Water Content and Dry Density 
 Just as in the case of “b” the values of “d” were varied such that they were in the 
range of typical values found in the previous study discussed above.   It can be seen from 
Figure 4-5 that the water content is more sensitive to a change in “d” than the dry density.  
However it should be pointed out that changing the value of “d” by a factor of 0.1 affects 
the dry density reading by nearly 20%.  This is a significant finding in terms of how 
calibration factors can affect field readings.  More simply put, if the calibration constants 
found in the lab are not in agreement with what is found in the field, density readings will 
be severely altered.   
 
Figure 4-4.  Parametric Study on Soil Constant “b”. 
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Summary 
 Investigation into the soil specific TDR calibration constants proved to be 
valuable.  Soil constants “a” and “b” were found to behave consistently with previous 
studies.  It appears that soil constant “c” is a unique point for a given soil and it may be 
possible to catalog values based on soil type.  Soil constant “d” was demonstrated to 
change systematically with pore fluid conductivity as previous research had indicated.  
Soil constants “f” and “g” change with the pore fluid conductivity of the soil since they 
are calculated from constant “a”, “b”, “c”, and “d”.  Constant “g” behaves, in general, 
similar to constant “d.”   It is also noted that for a calibration plot of the dielectric 
constant and the bulk electrical conductivity there may exist a unique point at the dry 
condition for a particular soil at which true calibration lines intersect.  Also a parametric 
study on the calibration constants revealed that both the water content and the dry density 
are greatly affect with little variation of the soil constant “d”.   
Figure 4-5.  Parametric Study on Soil Constant “d”. 
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CHAPTER 5 – TDR COMPARED TO TRADITIONAL METHODS 
 
Introduction 
The advances in TDR technology that led to the development of the one-step 
TDR method have been the focus of previous chapters.  Due to the recent nature of these 
developments a testing program has been implemented to compare the one-step method 
with traditional methods.  In April of 2004, a report on the Two-Step TDR Method was 
submitted to the state by the University of South Florida (Sallam et al., 2004).  The report 
detailed a field study that was carried out in conjunction with the Florida Department of 
Transportation (FDOT) to evaluate the relative accuracy of the ASTM TDR two-step 
method.  The testing program included a series of side by side tests with the TDR two-
step method and the nuclear, sand cone and drive sleeve methods.  In keeping with this 
testing regime a similar study was conducted to evaluate the One-Step TDR Method.  For 
purposes of this study, the nuclear method was selected to assess the accuracy of the TDR 
one-step method.  This method was selected based on its widespread use across the state.  
The drive sleeve and the sand cone methods discussed in chapter two were not considered 
in this particular study since they do not reflect the state of practice. 
The nuclear method is only used in practice for rock base materials, not for 
embankment or subgrade soils.  Because the nuclear moisture measurement uses the back 
scatter method and has a limited depth of measurement, the speedy moisture method is 
often used for embankments and subgrades.  In the context of the comparative study 
outlined in this chapter, all three methods speedy, nuclear, and TDR moistures were 
addressed.  The oven dry moisture content was taken in order to get the most accurate 
baseline.   
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Testing Program 
The widespread use of the nuclear method by engineering practitioners allows for 
ready access to a large amount of data.  The nuclear method is commonly implemented at 
a variety of job sites across the state of Florida.  TDR measurements can easily be taken 
simultaneously with routine nuclear gauge testing using the TDR method.  Samples were 
collected from all testing locations and were taken to the laboratory to obtain a baseline 
oven dry water content.  Due to the lack of a baseline method for measuring in-situ soil 
dry density, the nuclear moist density was used as a baseline, with the dry density back-
calculated from the oven dry moisture content.  This, of course, is neither accurate nor an 
unbiased measure; however it was the method most readily available at the early stages of 
the research.   
 
Test Results 
A series of side-by-side tests were carried out at several locations throughout 
Florida using the speedy moisture, nuclear gauge and the TDR one-step method.  
Calibration values were determined using the calibration procedures outlined in chapter 
three.  These unique calibration constants were used for field TDR measurements.  A 
summary of test locations and soil types for the nuclear to TDR comparison is displayed 
in Table 5-1.  Testing was carried out at two highway projects.  Several tests were run at 
each location.  All samples tested were common construction soils encountered in Florida 
(A-3 sands). 
 
Table 5-1. Testing Locations and Information. 
Location County/City No. of TDR No. of Speedy No. of Nuclear Soil Type(s) 
I-4 Tampa 3 3 6 A-3 
US 301 Hillsborough 10 30 30 A-3 
 
             Table 5-2 and 5-3 displays the TDR, speedy and nuclear water content 
measurements recorded at each test site along with the oven dry baseline water content 
measured in the laboratory.  The percent error and absolute error was then calculated by 
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comparing the field water content measurements to the baseline water content values.  
The data from Table 5-2 is displayed graphically in Figures 5-1 and 5-2.  Data points for 
speedy, nuclear and TDR testing was plotted along with a 1:1 line.   
 
Table 5-2. Speedy Water Content Comparison Results. 
Location Test Oven wc 
TDR 
wc 
Speedy 
wc  
% 
Error 
TDR 
% 
Error 
Speedy 
Absolute 
TDR 
Absolute 
Speedy 
I-4 1 5.3 6.5 6.7 23.6% 27.4% 1.24% 1.44% 
I-4 2 3.8 4.4 4.6 16.4% 21.7% 0.62% 0.82% 
I-4 3 4.3 5.1 4.9 17.8% 12.0% 0.77% 0.52% 
US 301 1a 9.3 9.0 7.4 -3.2% -20.4% -0.30% -1.90% 
US 301 1b 9.2   8.3   -9.8%   -0.90% 
US 301 1c 9.5   8.6   -9.5%   -0.90% 
US 301 2a 6.5 6.8 7.3 4.6% 12.3% 0.30% 0.80% 
US 301 2b 8.3   6.9   -16.9%   -1.40% 
US 301 2c 6.5   7.6   16.9%   1.10% 
US 301 3a 4.7 5.8 4.8 23.4% 2.1% 1.10% 0.10% 
US 301 3b 5.9   5.8   -1.7%   -0.10% 
US 301 3c 7.3   4.6   -37.0%   -2.70% 
US 301 4a 6.4 6.7 6.8 4.7% 6.2% 0.30% 0.40% 
US 301 4b 5.4   6.5   20.4%   1.10% 
US 301 4c 5.1   5.8   13.7%   0.70% 
US 301 5a 8.1 6.7 9.2 -17.3% 13.6% -1.40% 1.10% 
US 301 5b 5.3   6.0   13.2%   0.70% 
US 301 5c 6.7   7.3   9.0%   0.60% 
US 301 6a 6.6 6.9 3.5 4.5% -47.0% 0.30% -3.10% 
US 301 6b 7.9   8.0   1.3%   0.10% 
US 301 6c 6.3   6.4   1.6%   0.10% 
US 301 7a 10.5 9.7 10.1 -7.6% -3.8% -0.80% -0.40% 
US 301 7b 10.0   5.6   -44.0%   -4.40% 
US 301 7c 8.0   3.6   -55.0%   -4.40% 
US 301 8a 7.6 6.9 7.3 -9.2% -3.9% -0.70% -0.30% 
US 301 8b 7.2   7.6   5.6%   0.40% 
US 301 8c 7.2   7.6   5.6%   0.40% 
US 301 9a 7.6 8.1 8.0 6.6% 5.3% 0.50% 0.40% 
US 301 9b 7.9   8.3   5.1%   0.40% 
US 301 9c 8.3   8.5   2.4%   0.20% 
US 301 10a 8.3 8.0 8.3 -3.6% 0.0% -0.30% 0.00% 
US 301 10b 9.0   8.1   -10.0%   -0.90% 
US 301 10c 7.5   8.0   6.7%   0.50% 
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Table 5-3. Nuclear Water Content Comparison Results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Location Test Oven wc 
TDR 
wc 
Nuclear 
wc 
% 
Error 
TDR 
%  
Error 
Nuclear 
Absolute 
TDR 
Absolute 
Nuclear 
I-4 1 5.3 6.5 5.6 23.6% 6.5% 1.24% 0.34% 
I-4 2 3.8 4.4 4.0 16.4% 5.8% 0.62% 0.22% 
I-4 3 4.3 5.1 3.5 17.8% -19.2% 0.77% -0.83% 
US 301 1a 9.3 9 10.1 -3.2% 8.6% -0.30% 0.80% 
US 301 1b 9.2   7.9   -14.1%   -1.30% 
US 301 1c 9.5   9.2   -3.2%   -0.30% 
US 301 2a 6.5 6.8 6 4.6% -7.7% 0.30% -0.50% 
US 301 2b 8.3   6.1   -26.5%   -2.20% 
US 301 2c 6.5   6.4   -1.5%   -0.10% 
US 301 3a 4.7 5.8 5.1 23.4% 8.5% 1.10% 0.40% 
US 301 3b 5.9   4.7   -20.3%   -1.20% 
US 301 3c 7.3   6.5   -11.0%   -0.80% 
US 301 4a 6.4 6.7 5.5 4.7% -14.1% 0.30% -0.90% 
US 301 4b 5.4   4.3   -20.4%   -1.10% 
US 301 4c 5.1   4.2   -17.6%   -0.90% 
US 301 5a 8.1 6.7 7.8 -17.3% -3.7% -1.40% -0.30% 
US 301 5b 5.3   4.7   -11.3%   -0.60% 
US 301 5c 6.7   6.2   -7.5%   -0.50% 
US 301 6a 6.6 6.9 7.1 4.5% 7.6% 0.30% 0.50% 
US 301 6b 7.9   7.9   0.0%   0.00% 
US 301 6c 6.3   5.5   -12.7%   -0.80% 
US 301 7a 10.5 9.7 11.1 -7.6% 5.7% -0.80% 0.60% 
US 301 7b 10.0   10.8   8.0%   0.80% 
US 301 7c 8.0   6.9   -13.8%   -1.10% 
US 301 8a 7.6 6.9 6.4 -9.2% -15.8% -0.70% -1.20% 
US 301 8b 7.2   7.1   -1.4%   -0.10% 
US 301 8c 7.2   6.5   -9.7%   -0.70% 
US 301 9a 7.6 8.1 7.1 6.6% -6.6% 0.50% -0.50% 
US 301 9b 7.9   6.9   -12.7%   -1.00% 
US 301 9c 8.3   8.2   -1.2%   -0.10% 
US 301 10a 8.3 8 8.1 -3.6% -2.4% -0.30% -0.20% 
US 301 10b 9.0   7.9   -12.2%   -1.10% 
US 301 10c 7.5   6.1   -18.7%   -1.40% 
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Figure 5-2.  Nuclear Versus ASTM TDR Water Content. 
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Figure 5-1.  Speedy Versus ASTM TDR Water Content. 
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Table 5-4.  Dry Density with Speedy Comparison Results. 
Location Test 
Oven 
ρd  
TDR 
ρd  
Speedy 
ρd  
% error 
TDR 
% error 
Speedy 
Absolute 
TDR 
Absolute 
Speedy 
I-4 1a 112.1 103.9 110.5 -7.3% -1.4% -8.20 -1.60 
I-4 1b 115.7   114.2   -1.3%   -1.50 
I-4 2a 105.9 102.1 105.2 -3.6% -0.7% -3.80 -0.70 
I-4 2b 109.7   108.9   -0.7%   -0.80 
I-4 3a 108.6 102.8 108.0 -5.3% -0.6% -5.80 -0.60 
I-4 3b 111.4   110.9   -0.4%   -0.50 
US 301 1a 111.9 109.6 113.9 -2.1% 1.8% -2.29 1.98 
US 301 1b 112.1   113.0   0.8%   0.93 
US 301 1c 110.7   111.6   0.8%   0.92 
US 301 2a 110.2 106.1 109.4 -3.8% -0.7% -4.13 -0.82 
US 301 2b 106.8   108.2   1.3%   1.40 
US 301 2c 107.5   106.4   -1.0%   -1.10 
US 301 3a 109.1 104.6 109.0 -4.1% -0.1% -4.47 -0.10 
US 301 3b 106.3   106.4   0.1%   0.10 
US 301 3c 108.3   111.1   2.6%   2.80 
US 301 4a 111.3 105.1 110.9 -5.6% -0.4% -6.18 -0.42 
US 301 4b 112.1   111.0   -1.0%   -1.16 
US 301 4c 109.4   108.7   -0.7%   -0.72 
US 301 5a 109.9 105.9 108.8 -3.6% -1.0% -4.00 -1.11 
US 301 5b 105.4   104.7   -0.7%   -0.70 
US 301 5c 109.5   108.9   -0.6%   -0.61 
US 301 6a 108.3 106.2 111.5 -1.9% 3.0% -2.06 3.24 
US 301 6b 107.0   106.9   -0.1%   -0.10 
US 301 6c 111.2   111.1   -0.1%   -0.10 
US 301 7a 112.6 110.8 113.0 -1.6% 0.4% -1.78 0.41 
US 301 7b 112.3   117.0   4.2%   4.68 
US 301 7c 113.1   118.0   4.2%   4.81 
US 301 8a 110.8 106.2 111.1 -4.1% 0.3% -4.58 0.31 
US 301 8b 109.7   109.3   -0.4%   -0.41 
US 301 8c 107.1   106.7   -0.4%   -0.40 
US 301 9a 112.8 108.1 112.4 -4.2% -0.4% -4.73 -0.42 
US 301 9b 113.3   112.8   -0.4%   -0.42 
US 301 9c 114.5   114.3   -0.2%   -0.21 
US 301 10a 111.2 108.0 111.2 -2.9% 0.0% -3.17 0.00 
US 301 10b 109.4   110.4   0.8%   0.91 
US 301 10c 112.5   111.9   -0.5%   -0.52 
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Table 5-5.  Dry Density with Nuclear Comparison Results. 
Location Test 
Oven 
ρd  
TDR 
ρd  
Nuclear 
ρd  
% error 
TDR 
% error 
Nuclear 
Absolute 
TDR 
Absolute 
Nuclear 
I-4 1a 112.1 103.9 111.7 -7.3% -0.4% -8.20 -0.40 
I-4 1b 115.7   114.7   -0.9%   -1.00 
I-4 2a 105.9 102.1 105.8 -3.6% -0.1% -3.80 -0.10 
I-4 2b 109.7   109.7   0.0%   0.00 
I-4 3a 108.6 102.8 109.4 -5.3% 0.7% -5.80 0.80 
I-4 3b 111.4   112.1   0.6%   0.70 
US 301 1a 111.9 109.6 111.1 -2.1% -0.7% -2.29 -0.81 
US 301 1b 112.1   113.4   1.2%   1.35 
US 301 1c 110.7   111.0   0.3%   0.30 
US 301 2a 110.2 106.1 110.8 -3.8% 0.5% -4.13 0.52 
US 301 2b 106.8   109.0   2.1%   2.22 
US 301 2c 107.5   107.6   0.1%   0.10 
US 301 3a 109.1 104.6 108.7 -4.1% -0.4% -4.47 -0.42 
US 301 3b 106.3   107.5   1.1%   1.22 
US 301 3c 108.3   109.1   0.8%   0.81 
US 301 4a 111.3 105.1 112.2 -5.6% 0.9% -6.18 0.95 
US 301 4b 112.1   113.3   1.1%   1.18 
US 301 4c 109.4   110.4   0.9%   0.95 
US 301 5a 109.9 105.9 110.2 -3.6% 0.3% -4.00 0.31 
US 301 5b 105.4   106.0   0.6%   0.60 
US 301 5c 109.5   110.0   0.5%   0.52 
US 301 6a 108.3 106.2 107.7 -1.9% -0.5% -2.06 -0.51 
US 301 6b 107.0   107.0   0.0%   0.00 
US 301 6c 111.2   112.0   0.8%   0.84 
US 301 7a 112.6 110.8 112.0 -1.6% -0.5% -1.78 -0.61 
US 301 7b 112.3   111.5   -0.7%   -0.81 
US 301 7c 113.1   114.3   1.0%   1.16 
US 301 8a 110.8 106.2 112.0 -4.1% 1.1% -4.58 1.25 
US 301 8b 109.7   109.8   0.1%   0.10 
US 301 8c 107.1   107.8   0.7%   0.70 
US 301 9a 112.8 108.1 113.4 -4.2% 0.5% -4.73 0.53 
US 301 9b 113.3   114.3   0.9%   1.06 
US 301 9c 114.5   114.6   0.1%   0.11 
US 301 10a 111.2 108.0 111.4 -2.9% 0.2% -3.17 0.21 
US 301 10b 109.4   110.6   1.0%   1.12 
US 301 10c 112.5   113.9   1.3%   1.48 
 
 
 
 49
 
 
 
Figure 5-4.  Nuclear Versus ASTM TDR Dry Density. 
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Figure 5-3.  Speedy Nuclear Versus ASTM TDR Dry Density. 
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Table 5-3 and 5-4 summarizes the corresponding ASTM TDR dry density 
measurements, dry density back calculated using the wet nuclear density and the speedy 
moisture content, and dry density back calculated using the wet nuclear density and the 
nuclear moisture content along with the dry density back calculated using the wet nuclear 
density and the oven dry water content.  The values were compared and percent and 
absolute error were calculated.  All data points for both the nuclear and ASTM TDR tests 
were plotted in Figures 5-3 and 5-4 along with a 1:1 line. 
 
Water Content Measurement Discussion 
The water content measurement comparison displayed in Table 5-2 shows the 
absolute error for both the ASTM TDR and nuclear methods varied similarly (TDR 
varied between -0.01 and 0.01 while the nuclear varied between -0.02 and 0.01).  The 
speedy moisture was slightly more variable with a range of -0.04 and 0.01.  A graphic 
representation of scatter for speedy, nuclear and TDR methods compared to the oven dry 
method is displayed in Figures 5-1 and 5-2.   It can be seen in both view graphs that the 
TDR one-step method shows less scatter than both nuclear and speedy moisture content 
when compared to the baseline oven dry water content.   The study performed by Sallam 
et al. (2004) indicated that the TDR two-step method is likely to under predict water 
content, but this trend was not apparent in the one-step method.  Based on current data 
there is not sufficient evidence to say that the TDR one-step method either under or over 
predicts the moisture content.  The ASTM TDR measurements have a higher correlation 
coefficient with the oven dry measurements than the nuclear or the speedy measurements 
(0.897 for the TDR method compared to 0.857 for the nuclear method and 0.334 for the 
speedy moisture).    
 
Dry Density Discussion 
Due to the fact that the baseline dry density was calculated from a combination of 
the nuclear moist density and the oven dry moisture content the results should not be 
viewed as an unbiased assessment of the absolute accuracy of the TDR method.  Because 
the nuclear method represents current engineering practice, the results presented in this 
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chapter simply represent a comparison between TDR and the standard engineering 
practice.  If the true accuracy of the TDR method is needed, the use of an independent 
point of reference for dry density is needed.  This issue is addressed in more detail in 
Chapter 6.  However, the results presented above indicate that TDR dry density was 
consistently below the nuclear baseline value.  In other words the TDR dry density 
provided a more conservative measurement than its nuclear counterpart.  In addition, the 
results indicate that TDR measurements exhibit more scatter than their nuclear gage 
counterpart, possibly due to the reasons cited above. 
 
Measurement Variability Study 
 In an effort to study the variability of moisture content and dry density within a 
given site a series of field test were performed using the nuclear gage method on a 
compacted subgrade.  Measurements of water content and density were taken every 20 
feet for a 100 foot by 25 foot section of compacted subgrade.  Water content for each of 
the test locations were also determined by oven drying (ASTM D2216).  A summary of 
oven dry measurements and the nuclear gage densities are displayed in Table 5-6.  The 
results from the field test for water content and dry density are plotted in Figure 5-5 and 
5-6 respectively.   
It can be seen from the site variability study that the site itself varies by 33 percent 
from the maximum to the minimum water content measurements.   In this particular 
study the maximum and minimum values were recorded only twenty feet apart.  It is 
evident that the spatial variability within the site is higher than the difference between 
typical TDR and oven dry moisture recorded in Figures 5-1 and 5-2.  For dry density the 
site varied by nearly 4.2 percent from the maximum to the minimum dry density 
measurements.  Just as in the case of water content variability, both the maximum and 
minimum values were recorded only twenty feet apart.  The spatial variability within the 
site is almost equal to the difference between typical TDR and nuclear densities recorded 
in Figures 5-3 and 5-4.   
This is a very valuable finding in terms of evaluating the implementation of the 
one-step TDR method.  It can be argued that since the “error” in TDR measurement is 
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smaller than the spatial variability within the site, TDR is a reliable estimator of in-situ 
water content and dry density; however, more testing would be needed to certify the 
validity of this conclusion. 
 
Table 5-6. Testing Locations and Measurements. 
Test Position 
x y 
Oven Dry     
(%) 
Dry Density 
(pcf) 
0 3 7.8 116.7 
0 22 7.6 112.0 
20 3 8.3 112.2 
20 22 7.8 114.5 
40 3 7.7 113.7 
40 22 7.0 114.8 
60 3 7.1 113.5 
60 22 8.2 113.5 
80 3 6.6 113.4 
80 22 8.1 113.8 
100 3 8.8 112.4 
100 22 8.1 115.8 
    
maximum 8.8 116.7 
minimum 6.6 112.0 
average  7.8 113.9 
standard deviation 0.631 1.407 
 
 
Figure 5-5.  Water Content Variability Within a Site. 
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Summary 
Side-by side measurements comparing the TDR method to the nuclear method for 
water content measurement on Florida construction soils indicate that the One-Step TDR 
Method displays less scatter than the speedy and nuclear gauge and as a result is likely 
more accurate with the proper selection of calibration constants “a”, “b”, “c”, “d”, “f”, 
and “g”.  It thus appears that the TDR method is more reliable than the nuclear and 
speedy method.  This statement is an echo of the 2004 report which featured a field study 
on the ASTM TDR two-step method.  Dry density results were inconclusive, due to the 
lack of a comparative baseline.  However, a comparison of the data scatter between 
methods is similar.  In general the TDR dry density readings are more conservative than 
the other accepted method.   
 
Figure 5-6.  Dry Density Variability within a Site. 
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CHAPTER 6 – SLURRY REPLACEMENT METHOD 
 
Introduction 
 One of the main issues currently impeding the accurate evaluation of the TDR 
accuracy (and other methods) is the lack of a standard against which to measure the 
density.  TDR measurements cannot be evaluated against sand cone, nuclear gage, or 
speedy moisture since the accuracy of these methods remains, in itself, in question.  
While oven dry measurements are broadly accepted as the “standard” for water content, 
no such method is available for in-place density.  In order to compare the methods to a 
baseline, it is necessary to accurately determine the moisture content and in-place density 
of the tested material.  Sand cone measurements are highly sensitive to densification of 
the standard sand.  Nuclear density gages that rely on back scatter to measure moisture 
content are representative of the water content within only the top few inches of soil.  The 
use of a reliable method for in-place density measurement is, therefore, a crucial step in 
evaluating the accuracy of the TDR method. 
 
Principle 
 The proposed slurry replacement method is used to determine soil density in the 
field.  The principle behind the slurry replacement method is very similar to the sand 
cone method in that a soil sample is excavated manually and its weight W measured.  The 
only difference being that the volume V of the excavated soil is determined form the 
volume of bentonite slurry required to fill the hole rather than fine sand.  The bulk unit 
weight γ and dry unit weight γd of the in-place soil is given by: 
 
 
V
W=γ ,       and      
100
(%)1 w
d
+
= γγ  (6-1) 
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Where w is the water content (%), which is determined in the laboratory using the 
oven dry method.  The volume of the bentonite slurry is determined by measuring its 
weight, at a known density which is calibrated in its container prior to the test. 
 
Equipment 
The equipment developed for the new slurry replacement test includes: 
1) Slurry replacement apparatus which consist of a three liter glass bottle with a 
PVC ball valve attachment. 
2) Clear plastic base plate measuring 15×15 inch.  
3) One-gallon, plastic, air-tight container to collect soil samples. 
4) Tools to dig a small hole in the field. 
5) Balance with a capacity of 10 kg and a minimum readability of 1.0 g.  A rugged 
field scale with leveling capabilities is recommended.  
6) Bentonite slurry mixed to an appropriated consistency. 
7) Oven capable of maintaining a temperature of 230° ±9°F (110° ±5°C) or other 
equipment according to SD 108. 
8) Miscellaneous:  Small pick, hammer, chisels, spoons, pans or other suitable 
containers for drying moisture samples, buckets, plastic bags and paint brush. 
 
 Figure 6.1 shows the assembly of the equipment necessary for determination of 
the field unit weight. 
 
Figure 6-1.  Assembly of Equipment for Slurry Replacement. 
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Equipment Fabrication and Calibration 
 The equipment for the slurry replacement method was fabricated in the USF 
machine shop.  The design called for a one inch hole to be centered on a ⅜ inch clear 
acrylic base plate measuring 15×15 inch.  The base plate specification also called for 163  
inch holes to be drilled out in each of the four corners.  Further specifications called for 
the modification of a three-quarter inch CPVC threaded nipple such that it could be 
inserted into the opening of the glass bottle.  The threaded nipple was then fixed to the 
glass bottleneck with a one minute instant-mix epoxy.   
 Equipment calibration included determining the exact volume the glass jar that 
had been modified with a threaded nipple attachment.  The glass jar was calibrated 
utilizing the water-filling method.  The empty jar was weighed and recorded and then 
filled with tap water and once again weighed.  The temperature of the water was also 
recorded so that density corrections could be applied.  Knowing the empty weight along 
with the water filled weight and the corresponding water temperature, volume can be 
determined.  This calibration process was repeated three times to ensure accuracy.  The 
volume of the calibrated glass jar was found to be 3055 cm3. 
 
Slurry Viscosities for Different Sand Gradations 
 In order to accurately determine the volume of the soil excavation, provisions 
must be made by controlling the viscosity of the fluid (bentonite-cement slurry) to ensure 
that it does not permeate out of the hole and into the surrounding soil matrix.  In an effort 
to set forth some standard slurry viscosity recommendations based on soil type and grade, 
a series of tests were ran using trial-and-error on several different slurry mixes and sands.   
 
The testing process can be summarized as follows: 
1) A 5.5 inch diameter acrylic test cell with graduated marking was filled 
approximately half way with a selected sand grade (Figure 6-2).   
2) Bentonite slurry was prepared in a blender and was carefully poured onto the sand 
surface (Figure 6-3). 
3) The slurry level inside the test cell was then monitored for the next hour (Fig 6-4). 
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Figure 6-4.  Slurry Level Monitoring. 
Figure 6-3.  Test Cell with Slurry on Top of Sand. 
Figure 6-2.  Test Cell Filled with Sand. 
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 Table 6-1 displays the preliminary recommendations for various grades of sand 
based on the testing program outlined above. 
 
Table 6-1.  Slurry Mix Ratios Based on Soil Type. 
Sieve Number Bentonite to 
Water Ratio Soil Description(s) Passes Retained  
1:45 Fine grain sand 30 65 
1:40 Fine grain sand 30 65 
1:35 Medium grain sand 20 30 
1:30 Medium grain sand 20 30 
1:25 Coarse grain sand    6 20 
1:20 Coarse grain sand    6 20 
 
Testing Procedure 
The slurry replacement testing method can be summarized as follows: 
1) At the location where the density is to be determined, level off the ground surface 
(Figure 6-5) and position the hole size template such that it is centered on the 
leveled surface.  Trace around the template with a screwdriver to mark the hole 
diameter.  Remove the template and dig a hole with an opening size equal to that 
traced on the ground.  The volume of the excavated hole should not exceed 3000 
cm3, the full capacity of the slurry replacement jar.   
2) Carefully place all the soil removed from the hole into the on gallon moisture can.  
Close the cap tightly so as not to lose any moisture (Figure 6-6). 
3) Measure the weight Wf of the full jar on the field scale. 
4) Center the base plate on the hole.  Turn the slurry replacement apparatus upside 
down with the valve in the closed position.  Slowly open the valve to ensure that 
all the slurry goes directly through the fill hole (Figure 6-7).  Close the valve 
when the slurry makes contact with the base plate.  Measure the weight We of the 
partially empty jar using the field scale. 
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Figure 6-7.  Pour Slurry Through Base-plate Hole.  
Figure 6-6.  Soil Excavation Process. 
Figure 6-5.  Level and Smooth the Soil Surface. 
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5) Bring all the equipment back to the laboratory.  Determine the weight of the 
gallon container plus moist soil from the field (without the cap), Wsoil.   
6) Place the moist soil from the field in the oven to dry for 24 hours.  Calculate the 
moisture content and the dry unit weight.  
 
 The procedure outlined above is time-consuming, but gives an accurate value of 
density, and is thus an extremely valuable tool in evaluating the accuracy of the various 
other methods. 
 
Calculations 
 The following are the required calculations for determination of dry unit weight of 
field compaction by the slurry replacement method. 
 
1) Calculate the unit weight of slurry. 
 
jar
f
slurry V
W=γ  (6-1)  
   
 
2) Calculate the volume of the hole in the field. 
 
slurry
vavleef
field
WWW
V γ
−−=  (6-2) 
  
 
3) Calculate the moist field unit weight  
 
field
cansoilcan
fieldt V
WW −= +,γ  (6-3) 
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4) Calculate the moisture content in the field. 
 
100(%) ×−
−=
+
++
candrycan
drycanwetcan
c WW
WW
w  (6-4) 
 
 
5) Calculate the dry unity weight in the field. 
 
100
(%)
1
,
,
c
fieldt
fieldd w+
= γγ  (6-5)  
 
Experimental Verification of Measurement Accuracy 
 In order to properly evaluate the error in the result obtained from the slurry 
replacement method, a comparison must be made between the slurry method 
measurements and a calibrated soil volume.  To consummate this task a testing program 
was employed where slurry replacement measurements were taken under controlled 
laboratory conditions using two different types of calibrated control volumes. 
 
Concrete Control Volume Assembly 
 The concrete control volume test was used to measure the accuracy in which the 
slurry replacement method could predict volume.  The fabrication of the concrete control 
volume was a several part process.  First, formwork was constructed out of three-quarter 
inch plywood.  The internal dimensions of the formwork measured 6×15×15 inch.  Once 
the formwork was completed, two 60 pound bags concrete where mixed and placed into 
the formwork.  After the concrete was allowed to cure for about an hour at room 
temperature a six inch diameter hole approximately 5 inches deep was excavated from 
the center of the concrete volume.  Once the concrete had fully hardened, the formwork 
was removed and a two part fiberglass epoxy was applied to the top surface of the 
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concrete control volume (Figure 6-8).   The application of the epoxy was done to create a 
water-tight seal thus prevent moisture seepage into the concrete pores.  After sealing the 
concrete void with the epoxy its volume was determined using the water-filling technique 
discussed previously.  The volume was found to be 975 cm3.   
 
Concrete Control Volume Tests 
 A series of slurry replacement tests were performed in order to calibrate the slurry 
replacement volume measurements against a pre-known volume.  The tests were 
performed in the concrete control volume previously described.  Figure 6-9 shows an 
assembly of the equipment use for volume calibration. 
 
 
Figure 6-9.  Concrete Control Volume Test Equipment. 
Figure 6-8.  Concrete Control Volume. 
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The testing procedure can be summarized as follows: 
1) 4000 mL of a 1:40 bentonite slurry mix was prepared and poured into the glass 
slurry replacement bottle.  Special care was taken to make certain the bottle was 
filled exactly to the top.  The weight of the full slurry bottle was then measured 
and recorded.   
2) The clear acrylic base plate was placed on the concrete control volume and the 
ball valve was attached to the slurry bottle. 
3) Slurry was poured into the void through the centrally located hole in the base 
plate. After the slurry made contact with the base plate the jar was again weighed. 
4) Calculations were then conducted to determine the volume of the slurry used 
during the testing process.  The volume of slurry used was then compared to the 
known void volume.  
  
Soil Control Volume Assembly 
 A calibrated box with a four inch extension collar attachment (Figure 6-10) was 
designed and built to provide controlled conditions for slurry replacement testing.  The 
control box, measuring 16×16×20 inch, was constructed using three-quarter inch 
plywood, fastened together with wood glue and ceramic screws.  To prevent moisture 
absorption into the plywood, the box was lined with fiberglass strips and epoxy resin 
(Figure 6-11) creating an internal coating.  Special attention was given to the corner 
connections by doubling-up two layers of fiberglass insulation (Figure 6-12).  The box 
was then filled with water and set aside for several days to make certain it was 
completely sealed and water tight.    
 
 Figure 6-10. Control Box with Extension Collar.
 64
 
 
The fiberglass installation process can be summarized as follows: 
1) The inners surfaces were prepared by ensuring they were dust free and dry. 
2) The fiberglass mats were cut into strips consistent with the internal dimensions of 
the box walls. 
3) A two part epoxy resin was then mixed in accordance with the manufacturer’s 
specifications. 
4) A thick layer of epoxy coating was applied to the inner surfaces with a two inch 
synthetic bristle brush. 
5) The fiberglass strips were then positioned appropriately and pressed into the 
resin-coated surface. 
6) A second layer of resin was then applied over the top of the fiberglass strips. 
7) Steps three through six were repeated until the all the internal surfaces were 
completely insulated.   
8) The epoxy resin was allowed to harden and cure in accordance with the 
manufacturer’s specifications.   
9) The box was then filled with water and set aside to ensure there were no leaks. 
 
Figure 6-12.  Control Box Corner 
Detail. 
Figure 6-11.  Fiberglass Resin, 
Material, and Tools. 
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Soil Control Volume Test  
 The box was calibrated utilizing the water-filling method.  The clean, dry, empty 
box was weighed and recorded.  The box was then filled with tap water and once again 
weighed.  The temperature of the water was also recorded so that density corrections 
could be applied.  Knowing the empty weight along with the water filled weight and 
corresponding water temperature, volume can be determined.  This calibration process 
was repeated three times to ensure accuracy.  The volume of the calibrated control box 
was found to be 2.2917 ft3.  
 
Slurry Replacement Calibration Test 
 A series of slurry replacement tests have been performed on different sands in 
order to calibrate the slurry replacement measurements against a pre-known density.  The 
tests were performed in control box previously described.  
 
 The testing procedure can be summarized as follows: 
1) Each sand type was thoroughly mixed with water and covered for several hours to 
ensure an even distribution of moisture (Figure 6-13).   
 
 
2) The compaction procedure consisted of the soil specimen being compacted in six 
layers, each approximately equal in thickness.  A square, steel tamping plate (8×8 
inches) was use to compact the soil (Figure 6-14).  The under-compaction 
Figure 6-13.  Soil Mixed with Water. 
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process, as proposed by Ladd (1978), was used to produce a homogeneous soil 
volume (density) that could be used for comparative purposes.  The number of 
tamps increased from 20 for the first layer to 25 for the last layer. 
 
 
3) Following compaction of the six and final layer, the extension collar was removed 
and the soil specimen was carefully trimmed such that the soil surface was even 
with the top of the box (Figures 6-15, 6-16, and 6-17).    
 
 
 
Figure 6-15.  Compacted Soil with 
Extension Collar Removed. 
Figure 6-16.  Trimming the Excess Soil. 
Figure 6-14.  Compacting the Soil 
in the Box. 
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4) With the use of an over-head hoist, the fully compacted control box was placed 
onto a scale for weighing (Figure 6-18).   
 
 
Figure 6-18.  Lifting the Soil Filled 
Box Using the Over-head Hoist.
Figure 6-17.  Control Box Filled with Soil 
and Trimmed Flush. 
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5) The weight of the soil filled box was then determined using a 1000 lbs capacity 
scale with a readability of ½ lb.  Knowing the internal volume of the box, the 
weight of the empty box, and the weight of the box compacted with soil the wet 
density can be calculated (Figure 6-19).   
 
 
6) A slurry replacement test was run inside the box, as a field measurement 
following the testing procedure outlined above (Figure 6-20).  Calculations were 
then performed to obtain the dry density of the soil. 
7) The oven dry moisture content was then determined for the soil in the in the 
control box.  Knowing the soil wet density form step five and the water content 
the dry density of the soil in the box can be calculated. 
 
 The absolute and normalized errors for the dry density measurements can be 
calculated as follows: 
  
 100)(__ ,, ×−= actualdryfromTDRdrydryErrorAbsolute ρρρ  (6-6) 
 
 100__
,
,, ×−=
fromTDRdry
actualdryfromTDRdry
dryErrorNormalized ρ
ρρρ  (6-7) 
 
Figure 6-19.  Weighing the Box After Filling 
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Experimental Verification Results and Discussion 
The final results are summarized in Table 6-2.  The results indicate that the 
accuracy in density measurements are typically less than 2% provided the proper slurry 
mix ratio is used.  All data points for the soil control volume tests were plotted in Figure 
6-21 along with a 1:1 line as well as a 1:1 line ±2%.   
(a)  Clear Plastic Template 
Placed Directly Over Hole. 
(b)  Weighing the Full Slurry 
Bottle  
(c)  Hole Filled to the Top with 
Bentonite Slurry Mixture. 
(d)  Weighing the Slurry 
Bottle After Filling the 
Hole. 
Figure 6-20.  Slurry Replacement Procedure Used for  Soil Control 
Volume Calibration. 
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Table 6-2.  Results of Slurry Replacement Calibration Test. 
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Field Testing Program 
A series of side-by-side tests (Figure 6-22) were carried out at two locations in the 
Tampa area using the nuclear gauge, TDR one-step method, and the slurry replacement 
method.  TDR calibration values for were determined using the calibration procedures 
outlined in chapter three.  These unique calibration constants were used for all site 
specific TDR measurements.   
 
 
Figure 6-22.  Side-by-Side Testing 
Figure 6-21.  Slurry Replacement Density Versus Actual Density. 
90
95
100
105
110
115
120
90 95 100 105 110 115 120
Actual Dry Density (pcf)
Sl
ur
ry
 R
ep
la
ce
m
en
t D
ry
 D
en
si
ty
 (p
cf
)
1-25-C
1-30-C
1-35-C
1-30-M
1-35-M
1-40-M
1-45-M
1-30-F
1-45-F
1-50-F
1:1 line
1:1 line  +2%
1:1 line  -2%
 72
Field Test Result and Discussion 
A summary of the test locations and soil types for the nuclear and One-Step TDR 
comparison is displayed in Table 6-3.  Testing was carried out a highway interchange 
project and a pipeline backfill site.  Several tests were run at each location.  All samples 
tested were common construction soils encountered in Florida (A-3 sands).   
 
Table 6-3. Testing Locations and Information. 
Location  No. of TDR  
No. of 
Nuclear 
No. of 
Slurry 
B/W 
ratio Soil Type(s) 
Airport 5 5 5 1/30 A-3   (96% pass #60) 
USF-1 5 0 5 1/30 A-3   (87% pass #60) 
USF-2 2 0 2 1/45 A-3   (87% pass #60) 
 
Table 6-4 summarizes the corresponding dry density back calculated using the 
wet nuclear density and the nuclear moisture content, TDR one-step dry density, along 
with the slurry replacement dry density measurements.  The values were compared and 
percent and absolute error were calculated.  All data points for both the nuclear and TDR 
one-step tests were plotted in Figures 6-23 along with a 1:1 line. 
 
Table 6-4.  Dry Density Comparison Results. 
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The results indicate that both TDR and nuclear gage underestimated the dry 
density when compared to the slurry replacement method.  However these results should 
be viewed with caution.  As reported in Table 6-3 a 1:30 bentonite to water ratio was 
used at each site.  This slurry ratio was selected because site specific soil information at 
the time of the test was unknown.  After the tests were performed, samples were brought 
back to the lab and a sieve analysis was conducted.  The results showed that the both the 
airport and USF sites were comprised of fine grain sand, thus the appropriate slurry ratio 
was not used for the tests.  It is known from the soil control volume test that when 
inappropriate slurry viscosities are used that the dry density can be over estimate by as 
much as 5%.   It is therefore hypothesized that the 1:1 line in Figure 6-23 should be 
shifted down by a factor of 5% to account for the use of the wrong slurry viscosity. 
In an effort to validate the proposed hypothesis three more tests were conducted at 
the same USF site utilizing the appropriate slurry mix for fine grain sands (1:45).  The 
results are plotted in Figure 6-24 along with the original density data points and the 
Figure 6-23.  Nuclear and TDR Density Versus Slurry Replacement Density. 
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shifted 1:1 line.  The results indicate that the hypothesis is valid.  It can be seen that the 
three new data points (denoted by the open squares) fall within the same range as the 
original data.   The results also give an indication the TDR density measurements may be 
more accurate than the nuclear gage readings.  Further observation shows that the nuclear 
gage readings typically over estimate the dry density.  These finding could have huge 
implications in terms of quality control issues for passing and failing a compacted fill 
project.  In order to certify the validity of this conclusion more testing would be needed. 
 
 
In an effort to provide the exit user of the slurry replacement method with a 
means of determining which slurry viscosity is appropriate for their respective sand type 
a relationship between the bentonite to water ratio and the effective particle size D10 was 
developed (Figure 6-25).  The relationship was developed directly from the result of the 
soil control volume test which provided an idea of the appropriate slurry viscosity per 
sand type.  
Figure 6-24.  Hypothesis Validation Plot. 
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Summary  
A baseline dry density measurement procedure was developed so that the absolute 
accuracy of the TDR method and that of other standard testing methods could be 
evaluated.  Experimental verification of the methods accuracy under controlled 
laboratory conditions was conducted.  Results indicate that the method was accurate 
within 2%.  A field testing program was employed where several side-by-side field tests 
were performed to evaluate the One-Step TDR Method as well as the nuclear method 
against the baseline slurry-replacement measurement.  Results indicate that TDR may be 
more accurate.  It also appears that the nuclear gage readings will typically overestimate 
the dry density.  
 
   
 
 
Figure 6-25.  Slurry Viscosity Based on Effective Particle Size D10. 
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CHAPTER 7 – SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 
Summary 
A brief review of time domain reflectometry and its path to the field of 
geotechnical engineering was performed.  Also covered in some detail were the basic 
principles behind the One-Step TDR Method.  Testing was carried out to evaluate the soil 
specific calibration of TDR constants.  As a result, a greater understanding of the soil 
specific TDR constants has been achieved.  The accuracy of the TDR one-step method 
was compared to that of current geotechnical standard testing methods used by 
engineering practitioners.  Also, an objective and independent reference for measuring 
dry density was developed and served as a valuable tool in determining the absolute 
accuracy of the TDR and nuclear methods.   This research has lead to a greater 
understanding of the One-Step TDR Method and will aid in its eventual widespread 
usage throughout the geotechnical field. 
 
Conclusions 
Investigation into the soil specific TDR calibration constants proved to be 
valuable.  Soil constants “a” and “b” were found to behave consistently with previous 
studies.  It appears that soil constant “c” is a unique point for a given soil and it may be 
possible to catalog values based on soil type.  For typical construction soils in Florida, 
and in the absence of soil-specific calibration data, a value of 0.01 should be used for 
constant “c”.  Soil constant “d” was demonstrated to change systematically with pore 
fluid conductivity as previous research had indicated.  Soil constants “f” and “g” change 
with the pore fluid conductivity of the soil since they are calculated from constant “a”, 
“b”, “c”, and “d”.  Constant “g” behaves, in general, similar to constant “d.”   It is also 
noted that for a calibration plot of the dielectric constant and the bulk electrical 
conductivity there may exist a unique point at the dry condition for a particular soil at 
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which true calibration lines intersect.  Also a parametric study on the calibration 
constants revealed that both the water content and the dry density are greatly affect with 
little variation of the soil constant “d”.  This is a significant finding and further validates 
the need for a soil-specific field calibration to accurately determination of constant “d”.   
Several tests were performed side-by-side using the One-Step TDR Method, 
nuclear gage, and speedy moisture.  Data was compared for both moisture content and 
dry density measurement.  Results indicate that the TDR method displays less scatter than 
the nuclear method for moisture content measurement and may be more accurate with the 
proper selection of calibration constants.  Dry density results showed that the TDR one-
step measurements displayed larger scatter but consistently yielded lower densities than 
the nuclear density/speedy moisture measurements, and are therefore more conservative.  
Spatial analysis of the water content and dry density within a given site was studied.  
Results indicate that the site itself has a significant variation relative to the variation 
between the various methods.   
A baseline dry density measurement procedure was developed so that the absolute 
accuracy of the TDR method and that of other standard testing methods could be 
evaluated.  A field testing program was employed where several side-by-side field tests 
were performed to evaluate the One-Step TDR Method as well as the nuclear method 
against the baseline slurry-replacement measurement.  Results indicate that TDR may be 
more accurate.  It also appears that the nuclear gage readings will typically overestimate 
the dry density.  
Research carried out further validates the TDR method as a viable tool for 
geotechnical measurement.  A greater understanding of the soil specific constants used in 
conjunction with the one-step TDR method was also achieved.  The results of studies 
carried out to evaluate the effects of pore fluid conductivity on calibration will be 
valuable to establishing the one-step TDR method as a reliable geotechnical measurement 
system. 
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Recommendations  
 
In the absence of soil-specific calibration information, a value of 1.00 should be used for 
soil constant “a” and a value of 8.50 for soil constant “b” for sandy construction soils (A-
3, A-1-b and A-2-4 soils) in the state of Florida.  For A-2-4 soils, the percent fines must 
be below 15%.  Also, a value of 0.01 should be used for soil constant “c” for both A-3 
and A-1-b soils.  The value of “d” can be determined by performing a single calibration 
test for the soil at a high value of water content, typically between 20% and 25%.  Table 
7-1 presents a summary of the recommended TDR calibration constants for use with 
Florida soils in the absence of a soil-specific calibration. 
 
Table 7-1.  Recommended Values of TDR Calibration Constants.  
* Lower values of c are associated with small percentages of fines, and vice versa. 
+ Higher values of d are associated with high pore fluid conductivity (or high salt 
content), and vice versa 
 
Further routine evaluation relating to the one-step method should be focused on 
building a history of the range of each constant and its relation to soil classification and 
gradation.  Testing soils with higher fines would be of use and is needed to validate the 
conclusions made herein for sands.  The evaluation of measurement variability within a 
site must also be addressed in routine evaluations of TDR, nuclear, and other methods.  
Also, a testing program involving the slurry replacement method, TDR one-step method 
and traditional methods would be of benefit in validating the method’s accuracy.   
 
Soil Type a b c* d+ 
A-1-b 1.0 8.50 0.01 0.2 to 0.5 
A-2-4 1.0 8.50 0.02 to 0.05 0.3 to 0.5 
A-3 1.0 8.50 0.01 0.3 to 0.7 
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